We have carried out 2D angular correlation of positron annihilation radiation measurements on oriented single crystals of the heavy-fermion superconductor CeCu 2 Si 2 . Measurements have been made at 50 and 4 K which are above and below the Kondo temperature, T K ϳ15 K, for this compound. The measurements show a small temperature dependence. Experimental results have been compared with linear muffin-tin orbital bandstructure calculations for CeCu 2 Si 2 and the isostructural non-f -electron compound, LaCu 2 Si 2 . The measured anisotropies agree well with the calculations. In addition, at both temperatures, the measured ͓001͔ projected k-space occupation densities reflect clearly the Fermi-surface breaks predicted by the calculations for CeCu 2 Si 2 . This implies that local-density approximation calculations provide a good description of the electronic structure in CeCu 2 Si 2 . We have also measured the positron lifetime in both superconducting (S-type͒ and magnetic (A-type͒ samples of CeCu 2 Si 2 . The lifetime and intensity components in the S-and A-type polycrystals are different, suggesting that the nature of the defects that trap positrons is different in the two phases. ͓S0163-1829͑97͒16017-9͔
I. INTRODUCTION
Heavy fermion ͑HF͒ systems are usually compounds containing U or Ce ͑with an unfilled 4 f or 5 f shell͒ that display very unusual low temperature properties. 1 For example, below the Kondo temperature, T K , ͑typically 10-100 K͒, the linear specific heat coefficient ␥ is of the order of 0.1-1 J K Ϫ2 mole Ϫ1 , which is 100-1000 times that for a normal metal like Cu. In addition, the magnetic susceptibility, s , which is Curie-Weiss like above T K approaches a Pauli-like form becoming almost independent of temperature below T K . At high temperatures, above T K , the systems behave like ordinary rare-earth or actinide systems with itinerant conduction electrons and well-localized f electrons. The low temperature properties ͑below T K ) are explained by the weak hybridization of the 4 f electrons of Ce ͑or the 5 f electrons of U͒ with the conduction electrons in these systems resulting in a Kondo resonance lying just above the Fermi level. 2 One of the main questions concerning HF systems is the nature of the f electrons, whether ''localized'' or ''itinerant'' at low temperatures. 2 There exists experimental evidence supporting both kinds of states of the f electrons. de Haasvan Alphen ͑dHvA͒ experiments in CeB 6 and LaB 6 below T K yield similar Fermi-surface features 3, 4 suggesting that the f electrons are localized, while in CeRu 2 Si 2 , magnetoresistance and dHvA measurements clearly demonstrate the itinerant nature of the f electrons. 5, 6 For CeCu 6 , however, this is still an open question. 7 In the U-based HF compound, UPt 3 , angle resolved photoemission experiments 8 suggest that the f -electron states are itinerant even at 300 K, much above T K for this compound. More recent photoemission experiments, 9 in a number of other U and Ce-based compounds also reveal the presence of f bands much above T K .
Another issue of debate in HF systems is the applicability of density functional theories and, in particular, the local density approximation ͑LDA͒ to describe the electronic structure in these complex systems. It has been observed that the main features of the Fermi surface ͑FS͒ for a number of HF systems are consistent with the conventional LDA calculations, 7 however, the effective masses are typically underestimated. Recently, renormalized band ͑RB͒ structure calculations [10] [11] [12] have been developed that include strong correlation and are thus able to calculate the FS topology as well as effective masses that agree well with those obtained by specific heat and resistivity experiments. A review of the conditions under which the FS from RB agrees well with that from LDA is discussed in Ref. 11 . CeCu 2 Si 2 has been the focus of much attention since the discovery of superconductivity in this system at ambient pressures below T c ϭ0.7 K. 13 The specific heat behavior below 10 K is dominated by a large Sommerfeld coefficient which originates from the formation of quasiparticles with effective masses, m*ϳ380m e . In addition, from the magnitude of the discontinuity in the specific heat at T c , and the initial slope of the upper critical field, it was concluded that Cooper pairs are formed by heavy quasiparticles. 13 Up to now, very few studies of the FS of this compound are available. The dHvA measurement by Hunt et al. 14 is the only available experimental study of the FS so far. dHvA oscillations were observed below T K thereby providing direct evidence for the ''existence of a FS and hence of charged long lived fermion quasiparticles.'' The results were compared with quasiparticle band-structure calculations of Sticht et al. 12 and conventional LDA calculations of Harima et al. 15, 16 and it was concluded that the calculated FS by Harima et al. for the f electron free analogue LaCu 2 Si 2 provided the best fit to the experimental results. However, the authors caution that ''a full comparison between experiment and data must await further experiment which do reveal the rest of the Fermi surface,'' since the observed FS sheets in the dHvA measurements correspond to orbits with rather small mass renormalizations ϳm*/m e ϭ4 -6. The limitations to observing larger FS sheets arise from the extremely large magnetic fields and high crystal quality required to detect oscillations from orbits of larger masses.
Apart from studying the HF phenomenon and superconductivity in CeCu 2 Si 2 , much effort has gone into determining its B-T phase diagram. In recent experiments, it was observed that the superconducting (S) ground state of CeCu 2 Si 2 is in competition with a magnetic ground state ͑labeled A with T A Х0.6 K͒. 17 The occurrence of the A phase was found to be intimately connected with the copper stoichiometry in the samples. 18 Ce and/or Cu deficient samples have been found to stabilize the A type, while Ce and/or Cu rich samples are bulk superconducting S-type samples. The presence of different microscopic defects in the two types is thought to change the ground state from superconducting to magnetic, respectively. Since the stoichiometric differences between these samples lie within the small homogeneity range of Ce 1 Cu 2 Si 2 , they are not detectable by standard characterization methods like, e.g., x-ray diffraction methods. The positron lifetime experiments on A-and S-types samples, which are addressed in this paper, were performed with the view of obtaining more information on these microscopic defects.
The two-dimensional angular correlation of positron annihilation radiation ͑2D-ACAR͒ is a powerful technique for the study of the FS in metals and alloys 19 and more recently also in the high-T c superconductors. 20 This method has an advantage compared to dHvA experiments, in that neither very low temperatures nor very high magnetic fields are required. As in the case of dHvA experiments, the method does however require good quality defect-free crystals to avoid trapping of positrons at defects. 24 The sample has been well annealed 21 to decrease the concentration of defects which could trap positrons.
2D-ACAR experiments have been carried out on the setup described previously. 25 A 5 m sample to detector distance provided a coincidence angular field view of 60 ϫ 60 mrad 2 . The overall spectrometer resolution was 0.7ϫ0.5 mrad ͑FWHM͒ at the measuring temperature of 50 K. Measurements have also been made at 4 K. The measurement temperatures are above and below the Kondo temperature, T K ϳ15 K, respectively. 13 The crystal structure of CeCu 2 Si 2 is body centered tetragonal with lattice parameters aϭbϭ4.103 Å and cϭ9.986 Å. 13 The measured 2D-ACAR distribution, N(p x ,p y ), is a projection of the two photon momentum distribution ͑TPMD͒, 2␥ (p), which in turn is the electron momentum density ͑EMD͒ as sampled by the positron:
The projection/integration direction, p z , is determined by the orientation of the sample with respect to the detectors, being the axis perpendicular to the plane of the detectors. Two different integration directions were chosen, ͓001͔ and ͓010͔. The sample was subject to a magnetic field of 4 T, so as to focus the positrons on the sample. This field does not affect the Pauli paramagnetic, normal HF state at 4 K.
The measured momentum distribution is contained within a 2D histogram of 401ϫ401 channels. Each channel is 0.15 ϫ0.15 mrad 2 . A total of about ͑2-3͒ϫ10 8 coincidence counts have been accumulated in the 2D-ACAR for each orientation and temperature. Prior to any data analysis, the as measured 2D-ACAR histogram has been corrected for the angular efficiency function of the spectrometer. The histogram has then been smoothed and folded according to the appropriate symmetry in order to increase statistics. The calculated 2D-ACAR histogram is subject to an identical set of data reduction procedures as the experimental data.
Positron lifetime measurements have been made on two pairs of polycrystalline samples using a standard fast-fast lifetime spectrometer ͑Phillips XP2020Q photomultiplier tubes and plastic scintillators͒ having a time resolution of ϳ285 ps ͑FWHM͒. Both A-type and S-type polycrystalline samples were used. Details of the sample preparation are described elsewhere. 18 The A-type polycrystal stems from a batch with the nominal starting composition of Ce 0.99 Cu 2.02 Si 2 ͑No. 29014͒; the sample with dominant S character ͓T c ϳ 0.62 K ͑Ref. 26͔͒ was taken from batch with starting composition Ce 1.025 Cu 2 Si 2 ͑No. 29004͒. After arc melting and annealing 18 the stoichiometric changes are much smaller and lie within the homogeneity range of CeCu 2 Si 2 . 27 These small changes, however, are able to change the ground state properties of the two polycrystalline samples from superconducting to magnetic. The lifetime spectra were measured at six different temperatures between 300 and 20 K using a closed-cycle refrigerator. The measured spectra were analyzed using the program MELT ͑Ref. 28͒ to extract the different lifetime components.
III. THEORETICAL CALCULATIONS
The electronic structure has been calculated using the self-consistent LMTO method 29, 30 within the LDA. Core states are relativistic and relaxed during self-consistency, while valence states are semirelativistic without spin-orbit coupling. The high-lying Ce-p semicore states are included in the valence. The band structure is determined at 594 k points of the irreducible ͑1/16͒ part of the Brillouin zone ͑BZ͒. To facilitate our calculation ͑using a Cartesian p mesh͒, we have chosen a BZ with the same volume as the standard BZ, but having a simpler tetragonal shape. At ⌫, the two zones coincide and the differences are located near the borders. The positron structure has been determined at the ⌫ point using a reduced basis set and a potential which is determined from the Coulomb repulsion to the nuclei and Coulomb attraction to the self-consistent electron density. The TPMD is given by
where k (r) and ϩ (r) are the wave functions of the electron in state k and the thermalized (kϭ0) positron, respectively. ⑀(r) is the so-called electron-positron enhancement correlation factor. The TPMD is calculated using the method which includes the so-called overlap corrections. 31 We have also included two different methods for the electron-positron enhancement, ⑀(r). One is density dependent, 32 while a recent method which includes the gradient dependence ͑GGA͒ is also used. 33 As for the question of FS determination, there is not much difference between the results from the two methods, and even the neglect of enhancement effects, i.e., ⑀(r)ϭ1, in the so-called independent particle model ͑IPM͒ gives quite similar results. However, this is not the case for positron lifetimes, as will be discussed in the next section. It is sometimes useful to compare TPMD results with the so called EMD results, where the positron function is taken out from the calculation, i.e., ϩ (r)ϭconst. The calculated EMD distributions show all FS breaks with equal intensity, while the presence of the positron in the TPMD results in small variations in the intensity of the FS breaks.
Here, we do not want to go into the details of our calculational methods, but refer to earlier publications. 29, [31] [32] [33] [34] Similar calculations have been used previously and we are confident that the methods can be applied here as well. The only new feature here is that we now study a material which has a narrow f band very close to the Fermi energy (E F ). This very narrow band starts to be occupied giving about 1.06 f charge per Ce atom out of a total of 40 valence electrons per CeCu 2 Si 2 unit cell. But the Ce-f states dominate the density of states, N(E F ) at E F , so that out of a total of 58 states/Ry/cell, 44 are Ce-f character. However, the f electrons are much localized within the Ce, so that the overlap with the delocalized positron is relatively small. This shows up as quite a small electron-positron matrix element for f states. Therefore, as will be shown later, even though the FS is determined by and N(E F ) is dominated by the presence of the f band, it is rather difficult to extract very detailed information about the f electrons from the 2D-ACAR results. This means also that possible FS changes, due to the use of different potential or linearization, will be masked in the calculated 2D-ACAR results by the small matrix elements. The band structure for CeCu 2 Si 2 for E close to E F is shown in Fig. 1͑a͒ . It is seen that the Ce-4 f levels form a very narrow band close to E F . However, for the most part of the BZ it is above E F , crossing E F only near the ⌫ point. Our calculations show that three bands cross E F . The corresponding FS sheets are shown in Fig. 2͑a͒ . The 20th band constructs a closed hole FS around the Z point. The two closed electron FS around ⌫ are derived from bands 21 and 22 and have a dominant f character.
One way to discard the f electrons is to study the corresponding non-f -electron compound, LaCu 2 Si 2 . In this paper, we will also present results of the calculations for LaCu 2 Si 2 using exactly the same structural parameters and the same computational details, as used in the calculation for CeCu 2 Si 2 . The calculated band structure in the vicinity of E F is shown in Fig. 1͑b͒ . Here, the f band is wide and located high above E F ͓this is in fact not seen in Fig. 1͑b͔͒ . The FS sheets for LaCu 2 Si 2 are displayed in Fig. 2͑b͒ 
IV. RESULTS AND DISCUSSION

A. 2D-ACAR
The measured 2D-ACAR distributions are rather smooth, with their maxima in the center corresponding to zero projected momentum. Figure 3 shows a section along ͓010͔ through the experimental 2D-ACAR at 50 and 4 K compared with the theoretical curve calculated within the GGA. The projection direction is ͓001͔ in all cases. The experimental and theoretical curves have been normalized to the same peak intensity. The first striking observation is that the measured 2D-ACAR at 4 and 50 K are very similar. Secondly, it is seen that the maximum deviation of the theoretical ACAR from the experiment is for pϾ7 mrad, in the region corresponding to annihilations with the core electrons. A possible explanation is that the annihilation is in reality more localized ͑in real space͒. This can happen if the actual electron or positron orbitals are more localized than assumed in the LDA calculation or that enhancement favors the interior more.
In order to enhance small signals, it is customary to calculate the anisotropy of the 2D-ACAR distribution in the p x ,p y plane, obtained by subtraction of a cylindrical average of the distribution itself ͑other definitions of the anisotropy have been used in the literature͒. The resulting anisotropy can be both positive and negative. A gray scale plot of the ͓001͔-projected anisotropy along with isointensity contour lines is shown in Fig. 4 . The total content of the anisotropy is about 3.2% for the experiment and 3.9% for theoretical data. In Fig. 4͑a͒ , the anisotropy for the calculated spectra of CeCu 2 Si 2 ͑left panel͒, as well as the experimental anisotropy for the measurement at 4 K ͑right panel͒ is shown. Figure 4͑b͒ ͑left panel͒ displays the calculated anisotropy for LaCu 2 Si 2 compared with the measured anisotropy for CeCu 2 Si 2 at 50 K ͑right panel͒. We obtain good qualitative agreement between the measured and calculated anisotropies. The features in the measured and calculated anisotropies have similar shape and position but differ only in their amplitudes. Therefore, we conclude that our LDA bandstructure calculations provide a good description of the electronic structure in CeCu 2 Si 2 . Quantitative conclusions, however, remain difficult since the process of determination of the anisotropies couples different regions of the ACAR through the calculation of the isotropic function. Nevertheless, we note from Fig. 4 that there is closer agreement between the measured anisotropy and that calculated for the CeCu 2 Si 2 than for the La analogue.
Further information is extracted from the 2D-ACAR data by applying the Lock-Crisp-West ͑LCW͒ folding. 35 In an LCW analysis, N(p x ,p y ) that differ by a projection of a reciprocal-lattice vector are summed to yield the two dimensional LCW distribution. In the case of a flat positron wave function, this LCW distribution would equal the integrated number of occupied bands at each (k x ,k y ), thus reflecting a projection of the FS. One way to check that this assumption of a flat positron wave function is applicable in the present case is to do the LCW folding on the EMD and then compare with the results from the TPMD. All data were normalized to the experimental data at 50 K prior to performing the LCW folding. Figures 5͑a͒ and 5͑b͒ , respectively, show the results of the LCW analysis on the calculated EMD and the TPMD, where the electron-positron interactions are included within the GGA. It can be seen that the projected occupation densities in both figures are quite similar. The major difference is that the inclusion of the positron reduces the amplitude of the bump around ⌫ point and increases the amplitude of the shoulders at the corners of the BZ. A comparison with the calculated FS for CeCu 2 Si 2 reveals that the bump around ⌫ is in fact due to the electron FS sheets of Fig. 2͑a͒ , from the 21st and 22nd band which have dominant f character. The shoulders at the corners are due to the hole FS sheet from the 20th band, and are predominantly of d character. The reduced amplitude of the breaks in the TPMD can be understood from the fact that the f -electron-positron matrix element is small ͑as has been explained in the previous section͒. Thus, from Figs. 5͑a͒ and 5͑b͒ we conclude that the LCW features reflect FS breaks that are modulated, but not dominated by positron wave-function effects.
We have also carried out the LCW analysis for two other cases: first, using the bands calculated for LaCu 2 Si 2 and second, when the TPMD matrix element for Ce-f was put to zero ͑''no-f '' case͒. For the case of LaCu 2 Si 2 , the La-f band lies much above E F and is quite naturally less occupied than the Ce-f band. Therefore, the FS of LaCu 2 Si 2 is little affected by the f electrons. Thus the LCW projection does not show the f -electron related feature around ⌫ as can be seen from Fig. 5͑c͒ . The ''no-f '' case is different from LaCu 2 Si 2 . Here, the f electrons still participate in the determination of the FS but only the f -electron-positron matrix element is set to zero. The results of the LCW analysis for this case ͓Fig. 5͑d͔͒ shows that the FS break around ⌫ is present ͑as it should be͒, but with an intensity that is smaller than in Fig. 5͑b͒ . From this ''no-f '' case we infer that ͑i͒ the f -electron-positron overlap is indeed small and ͑ii͒ that the bump in fact contains a contribution from the occupied f band around ⌫. The difference between the occupation densities shown in Figs. 5͑b͒ and 5͑d͒, which around ⌫ is found to be similar to that shown in Fig. 5͑a͒ , is interpreted in terms of a contribution of the f electrons. In the calculated TPMD, we have also tried to change E F relative to its selfconsistent value. We find that the size of the bump around the ⌫ point decreases as E F is decreased. This is consistent with the calculated band structure, where lowering E F decreases the occupation of the f band around ⌫. For E F ϭ14 mRy below the self-consistent value, the bump around ⌫ disappears, and the k-space occupation density resembles closely that of LaCu 2 Si 2 .
Figures 5͑e͒ and 5͑f͒ show the results of the LCW folding on the experimental data at 50 and 4 K. Positrons annihilating with core electrons usually contribute to a small momentum dependence after folding. Consequently, they merely increase the flat background in the LCW distributions and have therefore been subtracted. An appropriate constant has also been subtracted for the data shown in Figs. 5͑a͒-5͑d͒ . The measured size of the structure relative to the constant background is 5.9% compared with a calculated fraction of 6.1%. Comparing Figs. 5͑b͒ with 5͑e͒ and 5͑f͒ one observes a feature around ⌫ very similar to that of Figs. 5͑b͒ and 5͑d͒, but weaker in intensity. As has already been mentioned, this feature around ⌫ corresponds to the electron FS sheet from the hybridized f bands. Thus, our 2D-ACAR data are sensitive to the FS topology of the f electrons. The shoulders at the corners of the BZ seen in Figs. 5͑e͒ and 5͑f͒ are also FS features, due to the projected hole FS of band 20 ͓cf. Fig.  2͑a͔͒ . Thus we have been able to determine the entire FS topology from our 2D-ACAR experiments on CeCu 2 Si 2 . All predicted FS sheets are detected in the projected occupation densities obtained from an LCW folding of the measured 2D-ACAR.
From Figs. 5͑e͒ and 5͑f͒, it is seen that the projected k-space occupation density at 50 K is similar to that at 4 K, namely the bump due to the hybridized f -electron pocket around ⌫. In Fig. 6 , we show sections through the LCW data along two crystallographic directions. Now, in fact, we observe a small difference between the two measurements that lies outside the experimental uncertainties. At 4 K there is an increase in the occupation density near ⌫, which cannot be accounted for by positron smearing. At the present time, it is not clear if this difference reflects an intrinsic change in electronic structure associated with the heavy fermion state which the positron is able to probe, or if it is due to extrinsic effects. More detailed temperature dependent measurements are needed before any conclusions can be drawn. A similar small temperature dependence albeit within experimental uncertainties, has been seen in 2D-ACAR experiments on CeSb. 36 However, in another heavy fermion compound, URu 2 Si 2 , 37 the measured 2D-ACAR distributions have not been found to reflect any clear temperature dependence.
We have also carried out 2D-ACAR measurements with the ͓010͔ axis of the crystal as the integration direction. For this projection also, the anisotropic features in the measured data compare qualitatively with those calculated for CeCu 2 Si 2 and LaCu 2 Si 2 . The same LCW analysis as for the ͓001͔ projection was done. In this projection, the k-space occupation density is rather featureless, unlike the f -electron related FS breaks that are evident ͑although with small intensity͒ around ⌫ in the ͓001͔ projection. This result can be understood in terms of the FS sheets shown in Fig.  2͑a͒ . In a ͓010͔ projection, the shape of the FS results in a more continuous variation of the occupation density. Therefore, the sharp breaks that are seen in the ͓001͔ projection appear more smoothed out in the ͓010͔ projected LCW.
The present 2D-ACAR results indicate that there are itinerant f electrons in CeCu 2 Si 2 at both 50 and 4 K. However, their number is reduced with respect to LDA calculations. In the following, we want to briefly review some 2D-ACAR results in other heavy fermion compounds. In pure cerium metal, for example, an upward shift of the 4 f -energy level relative to E F gave better agreement with the 2D-ACAR data, 38 thus implying that the 4 f levels in cerium were not as itinerant as in the LDA description. Measurements above T K for CeB 6 ͑Ref. 39͒ and recently for LaB 6 ͑Ref. 40͒ yield similar FS thereby confirming low temperature dHvA measurements in these systems 3, 4 and suggesting that the f electrons do not contribute to the Fermi volume. In CeCu 6 , the authors conclude that the situation of a localized f electron is not clear. 41 In CeSb, the anisotropy of the measured momentum distribution is well reproduced by treating the f electron as partially filled core like states. 44 one obtains 136 ps. All these values are below the observed values and reflect some discrepancy between the calculated and actual positron density distribution. A similar difference between the calculated and measured lifetimes has been observed for pure cerium metal. 42 This is another indication that the localization of the f orbital of cerium could affect the positron density distribution.
B. Positron lifetime
V. CONCLUSIONS
We have performed 2D-ACAR experiments on single crystals of CeCu 2 Si 2 for two integration directions and at temperatures above and below T K . The measured anisotropies are found to be well described by the calculated momentum distributions from LDA band-structure calculations. In the ͓001͔ projection, clear Fermi-surface breaks due to the hybridized f bands are seen around ⌫. The measured Fermisurface topology agrees very well with theory, reproducing all sheets of the calculated FS. The ͓010͔ projection does not reveal sharp Fermi-surface breaks probably due to the shape of the Fermi surface which is more continuous when projected along this direction. The measured momentum density at 50 K and 4 K can be completely understood in terms of the calculated band structure, thus suggesting the presence of f bands both above and below T K . Our present ACAR results are in agreement with photoemission experiments for a number of Ce and U-based HF compounds where also f bands are seen at elevated temperatures. 9 We observe a small temperature dependence in the occupation density above and below T K . The origin of this temperature dependence is not well understood at the present time. The measured positron lifetimes of polycrystalline CeCu 2 Si 2 in the A and S type are found to be different. A second lifetime component, 2 , with less than 5% intensity has been measured for the A-type polycrystal, while 2 with intensity ϳ12% has been measured in the S type. The higher intensity of 2 in the S type, which is due to positrons trapped in defects, suggests that it has a higher concentration of defects compared to the A type. 
